To determine whether resurfacing submacular human Bruch's membrane with a cell-deposited extracellular matrix (ECM) improves retinal pigment epithelial (RPE) survival. METHODS. Bovine corneal endothelial (BCE) cells were seeded onto the inner collagenous layer of submacular Bruch's membrane explants of human donor eyes to allow ECM deposition. Control explants from fellow eyes were cultured in medium only. The deposited ECM was exposed by removing BCE. Fetal RPE cells were then cultured on these explants for 1, 14, or 21 days. The explants were analyzed quantitatively by light microscopy and scanning electron microscopy. Surviving RPE cells from explants cultured for 21 days were harvested to compare bestrophin and RPE65 mRNA expression. Mass spectroscopy was performed on BCE-ECM to examine the protein composition. RESULTS. The BCE-treated explants showed significantly higher RPE nuclear density than did the control explants at all time points. RPE expressed more differentiated features on BCEtreated explants than on untreated explants, but expressed very little mRNA for bestrophin or RPE65. The untreated young (Ͻ50 years) and African American submacular Bruch's membrane explants supported significantly higher RPE nuclear densities (NDs) than did the Caucasian explants. These differences were reduced or nonexistent in the BCE-ECM-treated explants. Proteins identified in the BCE-ECM included ECM proteins, ECM-associated proteins, cell membrane proteins, and intracellular proteins. CONCLUSIONS. Increased RPE survival can be achieved on aged submacular human Bruch's membrane by resurfacing the latter with a cell-deposited ECM. Caucasian eyes seem to benefit the most, as cell survival is the worst on submacular Bruch's membrane in these eyes. (Invest Ophthalmol Vis Sci. 2011;52: 1345-1358 DOI:10.1167/iovs.10-6112 T here is no fully effective therapy for the late complications of age-related macular degeneration (AMD), the leading cause of blindness in the United States. The prevalence of AMD-associated choroidal new vessels (CNVs) and/or geographic atrophy (GA) in the U.S. population 40 years and older is estimated to be 1.47%, with 1.75 million citizens having advanced AMD, approximately 100,000 of whom are African American. 1 The prevalence of AMD increases dramatically with age, with more than 10% of persons older than 80 years having CNVs and/or GA.
T here is no fully effective therapy for the late complications of age-related macular degeneration (AMD), the leading cause of blindness in the United States. The prevalence of AMD-associated choroidal new vessels (CNVs) and/or geographic atrophy (GA) in the U.S. population 40 years and older is estimated to be 1.47%, with 1.75 million citizens having advanced AMD, approximately 100,000 of whom are African American. 1 The prevalence of AMD increases dramatically with age, with more than 10% of persons older than 80 years having CNVs and/or GA. 1 More than 7 million individuals have drusen measuring 125 m or larger and are therefore at substantial risk of developing AMD. 1 Due to the rapidly aging population, the number of persons having AMD will increase to 2.95 million in 2020. 1 Therapy that blocks the effects of vascular endothelial growth factor is the best treatment available for CNVs currently, but randomized studies indicate that only 30% and 40% of treated patients experience at least moderate visual improvement. 2, 3 There is no proven therapy for GA. 4 Compared to pharmacologic monotherapy, cell-based therapy has the potential advantage of providing long-term clinical benefit without the need for frequently repeated minor surgical treatments or long-term administration of medications. Furthermore, cells such as RPE cells can produce many factors [5] [6] [7] [8] [9] [10] [11] (e.g., PEDF, bFGF, VEGF, angiopoietin, and HIF-1) that help preserve normal retinal and choroidal anatomy and physiology. Thus, in principle, cell-based therapy may offer a richer, more effective therapy to AMD patients than current pharmacologic therapy. Potential benefits of the pharmacologic complexity of cellbased therapy include less chance for emergence of resistance to treatment or failure to respond to treatment, and greater chance for visual recovery (e.g., due to production of neurotrophic factors by RPE cells). Although it is not proved, we hope that cell-based therapy for AMD will offer the same relative benefit to patients as pancreatic islet cell transplants offer to patients with diabetes (compared with therapy using insulin pumps).
There is abundant preclinical evidence that cell-based therapy can prevent photoreceptor degeneration in conditions associated with RPE dysfunction-for example, the Royal College of Surgeons rat (please see Gullapalli et al. 12 for a review), 13, 14 whose RPE has a mutation in mertk, and RPE-65 mutant mice, 15, 16 as well as in a mouse model of Stargardt disease, 17 in which the primary defect is in a photoreceptor protein but in which the RPE are secondarily affected and degenerate. Although the inciting events in AMD may or may not involve the RPE directly, 18 -34 ultimately these cells are reconstructing a suitable extracellular environment described in this study is not practical for clinical treatment of AMD patients, these studies demonstrate that resurfacing aged submacular human Bruch's membrane with a complex cell-secreted ECM can improve cell survival and differentiation greatly.
MATERIALS AND METHODS
Studies involving use of human donor tissue adhered to the tenets of the Declaration of Helsinki and were approved by the institutional review board of the University of Medicine and Dentistry of New Jersey.
Bruch's Membrane Preparation
Adult donor eyes (ages, 41-86 years; Table 1 ) were received from the Lions Eye Institute for Transplant and Research (Tampa, FL) and eyebanks placing donor eyes through their website (Ocular Research Biologics System [ORBS] , http://www.orbsproject.org), Midwest Eyebanks (includes eyebanks in Illinois, Michigan, and New Jersey), the San Diego Eyebank (San Diego, CA), and eyebanks placing tissue through the National Disease Research Interchange (NDRI, Philadelphia, PA). Acceptance criteria for donor eyes included: death-to-enucleation time no more than 7 hours, death-to-receipt time no more than 48 hours, no ventilator support before death, no recent chemotherapy (within the past 6 months), no recent radiation to the head, no recent head trauma, and no history of conditions affecting the posterior segment (e.g., AMD [with the exception of two patients, one of whom had pigmentary changes and drusen and one of whom had extensive drusen as detailed in Table 1 ], glaucoma, laser treatment). The donor eyes were immersed in 10% povidone iodine (Betadine solution; Purdue Frederick Co., Norwalk, CT) after removal of extraocular muscles, remnants of conjunctiva, orbital fat, and Tenon's capsule. They were then rinsed in an excess of Dulbecco's modified Eagle's medium (DMEM; Cellgro-Mediatech Inc., Manassas, VA) supplemented with 2.5 g/mL amphotericin B (Invitrogen-Gibco, Life Technologies, Carlsbad, CA). After the anterior segment, vitreous, and retina were dissected, the donor eyes were examined carefully for submacular disease. A previously published method was used to expose the RPE basement membrane or inner collagenous layer (ICL) surfaces. 47, 48, 55, 56 (RPE basement membrane surfaces were studied for preliminary studies of BCE-ECM deposition only.) Six-millimeter diameter corneal trephines (Bausch & Lomb, Rochester, NY) were used to create macula-centered, round Bruch's membrane explants. These explants were placed in wells of 96-well plates for organ culture.
BCE Culture
Fresh steer eyes were obtained from local meat processors (Animal Parts, Scotch Plains, NJ) within a few hours after death. Corneas were cut from the eyes after sterilization of the corneal surface and surrounding of the tissue by a brief rinse with 70% ethanol. Corneas were positioned with the epithelial surface down on a sterile support placed on a Petri dish, and the endothelial surface was covered with 0.05% trypsin-EDTA (Invitrogen-Gibco). The corneas were then incubated for 20 minutes at 37°C. BCE cells were isolated by lightly scraping the interior surface of the cornea with a blunt metal spatula and washing with DMEM. Harvested BCE cells were seeded onto 60-mm tissue culture dishes and cultured at 37°C in 10% CO 2 in DMEM (containing 3.7g/L sodium bicarbonate) supplemented with 2 mM glutamine, 15% fetal bovine serum, 2.5 g/mL amphotericin B, 50 g/mL gentamicin, and 1 ng/mL bFGF (all from Invitrogen-Gibco) (hereafter referred to as RPE medium). 54 On confluence, the cells were passaged onto 12-well dishes after removal with 0.25% trypsin-EDTA and maintained in culture until seeding onto Bruch's membrane. The cells were removed from 12-well dishes by trypsin-EDTA and seeded at a density of 3164 cells/mm 2 on Bruch's membrane. Passage 2 cells were used for all BCE cell seeding experiments.
BCE Cell Culture on Bruch's Membrane
BCE cells were seeded onto one Bruch's membrane explant of a donor pair and cultured at 37°C in 10% CO 2 in DMEM supplemented with 10% fetal bovine serum, 5% donor calf serum (Invitrogen-Gibco), 2 mM glutamine, 2.5 g/mL amphotericin B, 50 g/mL gentamicin, 1 ng/mL bFGF, and 4% dextran (Sigma-Aldrich, St. Louis, MO) (hereafter referred to as ECM medium); 1 ng/mL bFGF was added every other day during the first week of culture. Non-BCE cell-treated controls (i.e., the explant derived from the fellow eye of a donor pair) were maintained in DMEM supplemented with gentamicin and amphotericin only (control medium). BCE cells were removed by soaking the explants in 0.02 M NH 4 OH for 5 minutes at room temperature. Cell debris was removed by rinsing for 10 minutes in phosphate buffered saline (PBS) three times. Control explants were treated similarly. Preliminary studies evaluated ECM deposition on submacular RPE basement membrane as well as the surface of the ICL after 7 or 14 days in culture. Of the two surfaces studied and at the two incubation periods, ECM deposition appeared to be the least variable and most tightly adherent to the surface of the ICL (data not shown) after 14-day BCE culture. Therefore, for this study, Bruch's membrane explants were debrided to the level of the ICL, and those explants receiving BCE cells were cultured for 14 days, to allow maximum ECM deposition.
Fetal Cell Preparation
After removal of muscle and conjunctiva from the exterior of the globe, fetal eyes (obtained from Advance Bioscience Resources, Inc. Alameda, CA), were dipped briefly in a dilute povidone iodine solution (1:10 dilution) and rinsed briefly with DMEM supplemented with 2.5 g/mL amphotericin B. RPE cells were isolated from fetal eyes (N ϭ 18; mean age Ϯ SEM ϭ 18.25 Ϯ 0.50 weeks) after incubation of RPE/ choroid pieces in 0.8 mg/mL collagenase type IV (Sigma-Aldrich), as described previously. 48, 56, 57 RPE cells were cultured in RPE medium on BCE-ECM-coated tissue culture dishes prepared according to a previously described protocol that routinely generates immunohistochemistry-proven RPE cell cultures in our laboratory. 54 After achieving confluence, primary cultures were passaged at a 1:6 ratio onto BCE-ECM-coated dishes, with 0.25% trypsin-EDTA used to harvest the cells. Subsequent cultures were passaged at a 1:4 ratio.
Experimental Design
All eyes were normal with no or a few submacular drusen except for one 1-day macula (80-year-old Caucasian) with intermediate-size drusen with associated RPE hyperplasia and one 21-day explant pair (78-year-old African American) with extensive drusen in both maculae (Table 1) . To assess the ability of cells to attach and spread on treated and untreated surfaces, we seeded fetal RPE cells at a low density (885 cells/mm 2 ) for 1 day. Explants for long-term survival assessment (14 and 21 days after RPE seeding) were seeded at a higher density (3164 cells/mm 2 ). This density has been shown to yield a monolayer of cells on a 6 mm-diameter Bruch's membrane explant in organ culture 1 day after seeding ( 48 Linear measurements of Bruch's membrane in the analyzed area were obtained by digital image acquisition and measurement with the freehand line tool using NIH Image J. ND was expressed as the number of nuclei per millimeter of Bruch's membrane Ϯ SEM.
Statistics.
Area measurements and NDs were tested for statistically significant differences using parametric or nonparametric comparisons. Within each time point and group, differences in pairs were tested for normal distribution and variance. Parametric testing between pairs within each time point was by paired t-tests; nonparametric testing was performed with the Wilcoxon rank sum test. For comparisons between time points and comparison between groups (e.g., young, aged Caucasian, and aged African American), the existence of significant differences was determined by one-way ANOVA (parametric) or ANOVA on ranks (nonparametric). If significance was observed (P Ͻ 0.05), post hoc pairwise multiple-comparison procedures (HolmSidak method) determined the significance of differences between pairs of groups.
Bestrophin and RPE65 mRNA Analysis
Total RNA was extracted from fetal RPE on paired explants (n ϭ 4 pairs, including a 66-year-old African American and 81-, 75-, and 76-year-old Caucasian donors) 21 days after seeding by gently brushing the cells off into lysis buffer (Cells to Signal; Ambion, Austin, TX). RT-PCR was performed to generate cDNA (High Capacity cDNA Reverse Transcription Kit; Applied Biosystems, Inc.
[ABI], Foster City, CA) according to the manufacturer's instructions. Real-time PCR was performed by using gene expression assay kits (Taqman; ABI) for bestrophin and RPE65 (primers and probes not disclosed by the manufacturer). Ex-pression of bestrophin and RPE65 was normalized to 18s rRNA expression. The results were expressed relative to levels in the explant from the 66-year-old African American (i.e., the youngest of the four donors) and compared by paired t-test. Levels for in situ extramacular RPE harvested from a 6-mm trephined punch from an 81-year-old Caucasian donor and a 21-day fetal RPE cell culture on BCE-ECM were included for comparison.
Mass Spectrometry of BCE-ECM
BCE-ECM was harvested by adding lysis buffer (7 M urea, 2 M thiourea, 4% CHAPS, 0.2% ampholytes [BioLytes 3/10; Bio-Rad, Hercules, CA]rsqb], 0.5% Triton x-100, and protease inhibitors) to six 100-mm culture dishes resurfaced with BCE-ECM, scraping off the ECM, and sonicating the resulting solution. The mixture was centrifuged, and the supernatant was transferred to a fresh tube. The pellet from this first solubilization step was further dissolved in the same lysis buffer with the addition of 1% NP-40, 1% Triton X-100, and 50 mM triethylammonium bicarbonate (TEAB). Proteins from the supernatant of the first solubilization step and from the solubilized pellet were subjected to analysis separately. One hundred micrograms of the proteins from each fraction were reduced by dithiothreitol (DTT) and alkylated with iodoacetamide followed by trypsin digestion overnight (trypsin to protein ratio was 1:20) . The resulting peptides were separated by sequential ion exchange and reversed-phase liquid chromatography. The peptides were sequenced by tandem mass spectrometry techniques by using either matrix-assisted laser desorption/ionization time-of-flight (MALDI TOF/TOF) or electrospray ionization (ESI) quadrupole time-of-flight (QTOF) mass spectrometry. In brief, the tryptic peptides were separated by strong cation-exchange chromatography (SCX) with a polysulfoethyl A column (4.6 ϫ 200 mm, 5 m diameter, 300 Å; Poly LC, Columbia, MD) on a perfusion chromatography system (BioCAD; AB Sciex, Foster City, CA). The peptides were eluted with a 40-minute linear gradient from 100% mobile phase A (10 mM KH 2 PO 4 and 20% acetonitrile [ACN]) to 50% mobile phase B (600 mM KCl, 10 mM KH 2 PO 4 , and 20% ACN), followed by a 10-minute linear gradient from 50% to 100% B, at a flow rate of 1 mL/min. Fifteen fractions were collected, and the peptides were cleaned up on C 18 spin columns (Pierce, Rockford, IL). Desalted peptides were further separated by reversed-phase liquid chromatography (RPLC) with a capillary C 18 column (0.1 ϫ 150 mm, 3 m, 100 Å, C 18 ; PepMap; Dionex, Sunnyvale, CA) on an LC system (Ultimate 3000; Dionex) at a flow rate of 200 nL/min. A 70-minute gradient of solvent A (2% ACN, 0.1% trifluoroacetic acid [TFA for MALDI], or 0.1% formic acid [FA, for QTOF]) and solvent B (85% ACN, 0.1% TFA, for MALDI, or 0.1% FA, for QTOF) was used to elute the peptides from the C 18 column: 0 to 40 minutes, 2% to 22% B; at 65 minutes, to 40% B; and at 80 minutes, to 95% B. For MALDI MS analysis, the RPLC eluent was mixed with a MALDI matrix (5 mg/mL ␣-cyano-4-hydroxycinnamic acid [CHCA] in 60% ACN, 5 mM ammonium monobasic phosphate and internal calibrators, 50 fmol/L each of GFP and ACTH 18-39) in a 1:3 ratio and spotted onto a MALDI plate in a 33 ϫ 10 spot array. The peptides were analyzed on an MALDI-TOF/TOF mass analyzer (AB 4800; AB Sciex) in a plate-wide, data-dependent mode, to sequence the top 15 most abundant peptide ions in each MS spectrum. For LC-MS/MS analysis on QTOF, the RPLC eluent was directly introduced into a nano-ESI source on a QTOF tandem MS system (API-US; Waters Corp. Milford, MA), and the top three most abundant peptides were sequenced in a data-dependent mode. Protein identification was performed by searching the peak lists generated from MS/MS spectra against the bovine IPI database with a local MASCOT search engine (ver. 2.2) (Matrix Science Inc. Boston, MA). Oxidized methionine, carbamidomethyl modified cysteines were set as variable modifications in the search parameters. Proteins with at least one peptide Ն95% CI value were identified; overall the protein false-discovery rate was less than 1%. DAVID Bioinformatics Resources 6.7 was used to identify functional localization of proteins (http:// david.abcc.ncifcrf.gov/ provided in the public domain by the National Institute of Allergy and Infectious Diseases [NIAID], Bethesda, MD).
Protein localization was cross referenced, and function was determined by GeneCards version 3 database (http://www.genecards.org/ provided in the public domain by the Weizmann Institute of Science, Rehovot, Israel) or a protein knowledge database (http://www.uniprot.org/ provided in the public domain by the European Molecular Biology Laboratory, Heidelberg, Germany).
RESULTS

Day 1
RPE cells cultured on the BCE-treated ICL showed various degrees of attachment and spreading (Fig. 1) . The cells were generally present as confluent monolayers or as confluent patches of variable size, except for one explant in which the resurfacing was limited to small patches of confluent cells and single cells. Cell morphology was variable with most explants covered by large, thin, flattened or elongated cells. In areas not resurfaced by cells, the BCE-treated ICL was variably resurfaced by ECM ranging from no visible ECM (as detected by SEM) to a thick, meshlike covering (Fig. 1C) . Apoptotic nuclei were observed in four of the seven treated explants. Of the control explants (no exposure to BCE), three explants had no cells or a few poorly spread single cells (Fig. 1) . Three explants were resurfaced by single cells and patches of cells similar in morphology to those on BCE-ECM-coated explants, and one explant was partially confluent. In both the BCE-treated and untreated controls, the explants with poor resurfacing by cells showed limited cell spreading, and single cells were commonly present. The morphology of basal linear deposit ranged from fairly lightly staining deposits extending to the outer collagenous layer to heavily stained deposits extending past the intercapillary pillars. The extent of basal linear deposit did not appear to affect RPE cell attachment on the BCE-treated or untreated explants.
The ND of intact RPE on the BCE-treated submacular Bruch's membrane was 11.78 cells/mm of Bruch's membrane Ϯ 2.89 (mean Ϯ SEM; range, 2.27-25.3). The ND of intact RPE on control submacular Bruch's membrane was 4.70 Ϯ 2.14 (range, 0 -16.5). The difference was statistically significant (paired t-test, P ϭ 0.008; Fig. 2) .
SEM revealed that flattened cells covered more than 50% of submacular Bruch's membrane ICL in five of seven BCE-treated explants, whereas only one of seven untreated explants showed more than 50% coverage of the ICL. Fetal RPE coverage of the BCE-treated submacular explants ranged from 27.6% to 95% (mean percentage coverage Ϯ SEM ϭ 65.3% Ϯ 0.10%). Cells seeded onto control explants showed resurfacing of submacular ICL ranging from 0.8% to 96% (mean percentage coverage Ϯ SEM, 31.3% Ϯ 0.13%). Bruch's membrane resurfacing by fetal RPE on the BCE-treated explants was significantly greater than resurfacing on control explants (P ϭ 0.037, paired t-test; Fig. 3 ). The donor eyes studied at this time point with submacular disease (drusen and focal RPE hyperpigmentation) did not show impairment of attachment and spreading on the BCE-treated (82.0% resurfacing) or on the untreated explant (27.6% resurfacing) compared with BCE-treated and untreated explants without submacular disease.
Day 14
Cell morphology at this time point was characterized by cells of highly variable size and shape, regardless of surface treatment. Cells ranged from enlarged, ballooned cells to smaller cells that were very elongated and spindle shaped, or small and slightly rounded (Fig. 4) . The majority of the Bruch's membrane explants were covered with a monolayer of RPE with occasional localized bilayering. BCE-treated explants were fully or almost fully resurfaced, whereas defects in cell coverage were more common in untreated explants. Generally, cells on untreated explants exhibited more signs of deterioration with more vacuole formation, apoptotic nuclei (chromatin aggregation), and cells not well attached to Bruch's membrane (Fig.  4E) . The presence of apical processes depended on cell size, regardless of treatment. Very large cells exhibited no apical processes whereas relatively smaller cells showed processes along cell borders only. The smallest cells were covered with short apical processes. NDs of RPE in contact with Bruch's membrane on the BCE-treated explants ranged from 9.5 to 34.3 nuclei/mm of Bruch's membrane (mean Ϯ SEM ϭ 24.2 Ϯ 3.3). NDs of RPE on untreated explants ranged from 6.8 to 27.6 nuclei/mm of Bruch's membrane (mean Ϯ SEM ϭ 19.7 Ϯ 2.8). The ND counts of fetal RPE on explants at day 14 were significantly higher on the BCE-treated explants compared with the untreated explants (paired t-test, P ϭ 0.023; Fig. 2 ).
Day 21
Caucasian Donor Bruch's Membrane Explant Resurfacing. Among the BCE-treated explants, 10 of 11 were fully or almost fully resurfaced by fetal RPE (Fig. 5 ). NDs ranged from 9.48 to 41.3 nuclei/mm of Bruch's membrane (mean Ϯ SEM ϭ 23.4 Ϯ 2.6; Fig. 2 ). On the explant showing the worst resurfacing (78-year-old donor), the cells were large and ballooned. On the remaining BCE-treated explants, morphology varied between explants and often within explants. Cell morphology ranged from flat or elongate cells with smooth surfaces (no apical processes or processes present around cell borders only, Fig. 5B ) to small, compact cells with surfaces covered by short apical processes. Cells were generally in a monolayer. Lightly pigmented cells were seen on three of the 11 BCE-treated explants. Among the untreated explants, six of 11 showed impaired resurfacing with either very few single cells (often not intact), clumps of cells, or few cell patches. Of the remaining five explants, two were resurfaced by predominantly large, FIGURE 2. ND of fetal RPE on Bruch's membrane from aged Caucasian donor eyes after 1, 14, and 21 days in organ culture. Seeding density for day 1 was 885 cells/mm 2 ; at days 14 and 21, it was 3164 cells/mm 2 . RPE ND was significantly higher on the BCE-treated Bruch's membrane at all time points studied compared with ND on the untreated Bruch's membrane (day 1, P ϭ 0.008; day 14, P ϭ 0.023; day 21, P ϭ 0.005, paired t-tests). The NDs on days 14 and 21 were not significantly different (untreated P ϭ 0.059; Mann-Whitney rank sum test; BCEtreated P ϭ 0.633, unpaired t-test).
FIGURE 3.
Surface coverage of fetal RPE on submacular Bruch's membrane from aged Caucasian donor eyes after 1 and 21 days in organ culture. Fetal RPE cells were seeded at a relatively low seeding density (885 cells/mm 2 ) for day 1, to observe cell attachment and spreading. Cell resurfacing was significantly higher when seeded onto the BCEtreated ICL than when seeded onto ICL without BCE exposure (untreated; P ϭ 0.037, paired t-test). Surface coverage of fetal RPE on submacular Bruch's membrane after 21 days in organ culture (seeded at a density of 3164 cells/mm 2 ) was significantly higher on the BCEtreated ICL than on untreated ICL (P ϭ 0.004, Wilcoxon signed rank test). Percentage resurfacing was determined by measuring the area covered by cells in 8 to 10 submacular 200ϫ images acquired by scanning electron microscopy. flat cells; in three explants, defects in RPE cell coverage were more frequent (Fig. 5D) . Cell morphology was variable with enlarged, flattened or elongated, smooth, flat cells common (no apical processes) to localized multilayering. Cell pigmentation was observed in some fetal RPE on one untreated explant. Apoptotic nuclei were seen mostly on untreated explants (Fig. 5E) . NDs of the untreated explants ranged from 0 to 22.8 nuclei/mm of Bruch's membrane (mean Ϯ SEM ϭ 10.5 Ϯ 3.2; Fig. 2 ).
All the explants exhibited basal linear deposits in Bruch's membrane, ranging from lightly stained deposits found in the outer collagenous layer to heavily stained deposits extending into and beyond the intercapillary pillars. In general, there did not appear to be a correlation between the amount of basal linear deposit and the degree of RPE resurfacing. Localized areas of choriocapillaris atrophy were present in 4 of 11 BCEtreated explants and in 2 of 11 untreated explants.
The surface area of ICL covered by RPE was significantly higher on the BCE-treated explants than on the untreated explants ( Fig. 3 , P ϭ 0.004, Wilcoxon signed rank test). RPE coverage of the ICL on the BCE-treated explants ranged from 69.1% to 100% (mean Ϯ SEM ϭ 90.1% Ϯ 3.61%). The coverage area on the untreated explants ranged from 0.75% to 99.5% (mean Ϯ SEM ϭ 60.6% Ϯ 11.71%).
RPE cells resurfaced both BCE-treated and untreated ICL of African American explants more uniformly than was observed on the comparable ICL of BCE-treated and untreated Caucasian eyes. Among BCE-treated African-American donor explants, NDs ranged from 24.8 to 34.7 nuclei/millimeter Bruch's membrane (mean Ϯ SEM ϭ 30.1 Ϯ 1.52). Compared with RPE cells on the BCE-treated Caucasian donor explants, cells on African American explants were generally smaller and more uniform in size with apical processes, ranging from processes along cell borders only to surface coverage by moderate-length processes (Fig. 6) . Cell morphology was characterized by a mixture of small cells (sometimes elongated) and larger, flat cells. In general, on the untreated explants, the RPE cells were similar to those observed on the BCE-treated explants from the fellow eye but with more defects in coverage. NDs of the untreated explants ranged from 17.7 to 30.4 nuclei/mm of Bruch's membrane (mean Ϯ SEM ϭ 24.1 Ϯ 2.05). Localized areas of multilayering were more common on untreated explants. Light pigmentation was seen in a few RPE cells on one BCE-treated explant. Except for one explant pair (a donor with extensive soft drusen in both maculae), basal linear deposits were generally less in African American explants than in Caucasian donor explants, with some explants showing a thickened elastin layer only and others showing lightly stained deposits extending into the intercapillary pillars. The extensive basal linear deposits in the African American donor with macular soft drusen, which included the formation of basal mounds, 58 did not appear to affect RPE survival in either explant (ND, 33.9 and 30.36 nuclei/mm of Bruch's membrane, for the BCE-treated and the untreated explants, respectively).
Young Donor Bruch's Membrane Explant Resurfacing. NDs of cells on young donor explants ranged from 24.23 to 40.03 nuclei/mm of Bruch's membrane (mean Ϯ SEM ϭ 30.5 Ϯ 2.70) for the BCE-treated explants and 23.90 to 31.75 nuclei/mm of Bruch's membrane (mean Ϯ SEM ϭ 26.1 Ϯ 1.52) for untreated fellow eye explants. Compared with RPE cells on the African American donor explants, cells on the young donor explants appeared to express more differentiated features: more uniformity in size; more closely approximating in situ hexagonal shape; no extremely large, flattened cells; presence of pigmentation; and more apical processes (Fig. 7) . On untreated explants, defects in coverage were more likely, and the presence of larger and/or elongated cells was more common. Pigmented cells were more commonly seen in BCE-treated explants than in untreated explants. Basal linear deposits were less than those observed in aged Caucasian donor explants in three of the five donor pairs. In one donor pair (46-year-old), the extent of basal linear deposit was similar to that observed in aged Caucasian donor explants, extending into the intercapillary pillars. Apoptotic nuclei were observed on the untreated explant of this donor. In the second donor pair (45-year-old), extensive choriocapillaris atrophy was seen in the BCE-treated explant. This explant had the highest ND of all those studied (40.03 nuclei/mm of Bruch's membrane) with the cells exhibiting the most differentiated features, including basal location of the nuclei in some but not all cells (Fig. 8) . The choriocapillaris and Bruch's membrane were normal in the fellow eye, and basal linear deposit accumulation was pronounced.
ND Analysis at Day 21 in Organ Culture. NDs of the BCE-treated and untreated submacular Bruch's membrane were significantly different between the Caucasian and the African American explants (P ϭ 0.005, paired t-test; P ϭ 0.031 Wilcoxon signed rank test, respectively (Fig. 9 ), but not between paired explants from young eyes (P ϭ 0.068, paired ) shows that the cells were comparatively large with fewer apical processes than on cells resurfacing the BCE-treated explant. Cells on both treated and untreated explants were generally smaller and more uniform than those on the BCE-treated and untreated explants from older Caucasian (Fig. 5 ) and African American (Fig. 6 
t-test). The ages of Caucasian versus African American donors
were not significantly different (unpaired t-test, P ϭ 0.054). One-way ANOVA showed no differences among the NDs of BCE-treated groups (P ϭ 0.103), but there was a significant difference in the NDs of untreated groups (P ϭ 0.003). All pairwise multiple-comparison testing (Holm-Sidak method) showed significant differences between NDs of the untreated Caucasian and African American donor eyes (P ϭ 0.005), and the untreated Caucasian and young eyes (P ϭ 0.003), but not between the untreated African American and young eyes (P ϭ 0.699). NDs were similar in the BCE-treated Caucasian eyes at 14 and 21 days (24.2 Ϯ 3.26 vs. 21.96 Ϯ 3.12; mean Ϯ SEM, P ϭ 0.633 unpaired t-test). Although there appeared to be a tendency toward decreased ND from 14 to 21 days in the untreated Caucasian eyes, the decrease was not statistically significant (19.719 Ϯ 2.75 vs. 10.03 Ϯ 3.12; P ϭ 0.059, MannWhitney rank sum test).
Control Media Studies. Since serum contains ECM ligands that can support cell attachment (e.g., laminin and vitronectin), 59 we performed experiments to determine whether the medium used for culturing BCE cells on explants contributed to the improved RPE resurfacing of BCE-treated Bruch's membrane. Paired submacular explants (n ϭ 10, mean age Ϯ SEM, 71.1 Ϯ 2.6 years) were incubated for 2 weeks in ECM medium (includes gentamicin, glutamine, amphotericin, dextran, bFGF, 10% fetal bovine serum, 5% fetal calf serum with 1 ng/mL bFGF added every other day for the first week) or control medium (DMEM supplemented with gentamicin, and amphotericin). The paired explants were treated similarly to the explants cultured with BCE cells (treatment with ammonium hydroxide and washing followed by RPE seeding and culture for 21 days; see the Methods sections). The mean ND, including the two African American explant pairs, in the BCE cell medium was 15.2 Ϯ 2.9 and in the DMEM only was 13.47 Ϯ 3.0; the difference was not significant (P ϭ 0.315, paired t-test) . If the African American explants were excluded (mean African American NDs were 22.3 Ϯ 1.1 in BCE medium, 19.65 Ϯ 6.3 in DMEM, n ϭ 2), the mean ND in aged Caucasian eyes (n ϭ 8), was 13.4 Ϯ 3.4 in BCE medium versus 11.9 Ϯ 3.4 in DMEM, with no significant differences between pairs, P ϭ 0.352 (paired t-test) . The NDs of RPE in the Caucasian eyes in the control medium studies (13.4 Ϯ 3.4 in BCE cells media vs. 11.9 Ϯ 3.4 in DMEM) were not significantly different from each other (unpaired t-test) and were not significantly different from the NDs of cells (10.5 Ϯ 3.2) on the untreated control Caucasian donor explants cultured in DMEM for the same period ( Fig. 2 ; Kruskal-Wallis one-way ANOVA on ranks; P ϭ 0.788).
Bruch's Membrane Explant Morphology at Day 1 versus Day 21. The morphology of the Caucasian explants at day 21 was similar to that observed at day 1. Generally, Bruch's membrane and the underlying choroid adjacent to Bruch's membrane were intact. The choriocapillaris endothelial cells were lost in all explants (most likely due to the ammonium hydroxide lysing step to remove BCE). Fiber disruption in the choroid was limited to localized areas and not seen in all explants. Intact pigmented choroidal cells were present in all explants. Pigment release was observed in the choroid of some explants and was most extensive in some but not all of the African American explants (see Fig. 7 ). FIGURE 9. ND on submacular ICL of Caucasian and African American donor eyes Ͼ50 years of age and young donor eyes Ͻ50 (including one African American donor). NDs were compared after seeding of fetal RPE (seeding density, 3164 cells/mm 2 ) on the BCE-treated and untreated Bruch's membrane explants at day 21 in organ culture. Differences in NDs between BCE-treated and untreated paired explants were significant for Caucasian ICL (White; P ϭ 0.005, paired t-test) and African American ICL (African American, P ϭ 0.031, Wilcoxon signed rank test), but not for young ICL (P ϭ 0.068; paired t-test). Significant differences were also observed between NDs of untreated Caucasian and young donor explants (P ϭ 0.003) and untreated Caucasian and African American explants (P ϭ 0.005; one-way ANOVA, all pairwise multiple comparison). 
Bestrophin and RPE65 mRNA Expression at Day 21.
Messenger RNA expression of bestrophin and RPE65 from fetal RPE harvested from the BCE-treated and untreated explants at day 21 (n ϭ 4 donor pairs), from fetal RPE cultured on BCE-ECM-coated tissue culture dishes at day 21, and from in situ RPE from an 81-year-old donor was determined by real time PCR. Results were expressed relative to the BCE-treated explant from a 66-year-old African American donor (Table 2) . RPE65 was detected only in in situ RPE and in RPE cells cultured on BCE-ECM-coated tissue culture dishes. Bestrophin was found at low levels in all RPE from the BCE-treated explants (compared with in situ RPE and RPE from culture dishes) and in RPE from two of the four untreated explants. The differences were not statistically significant (paired t-test, P ϭ 0.754).
Mass Spectrometry of BCE-ECM Harvested from Tissue Culture Dishes. BCE-ECM was difficult to fully solubilize, requiring an additional step to solubilize the pellet resulting from the first solubilization step (see the Methods section). The proteins identified in both fractions (supernatant from the first solubilization step and the solubilized pellet from the second solubilization step) are combined and are presented in Supplementary Table S1 , http://www.iovs.org/lookup/suppl/doi: 10.1167/iovs.10-6112/-/DCSupplemental. Table 3 lists the identified ECM and ECM-associated proteins (excluding proteins involved in ECM assembly and remodeling) and secreted proteins with functions relating to cell adhesion, migration, proliferation, and survival.
DISCUSSION
The results of previous studies, in which a human Bruch's membrane organ culture bioassay was used that mimics the surface on which RPE must survive in aged human eyes, predicted the poor survival of transplanted cells that has generally been observed in AMD patients undergoing RPE transplantation. 47, 48, 57, 60 The impaired resurfacing appears to occur regardless of the cell type or preparation used (e.g., cultured fetal RPE, 48 freshly harvested adult RPE, 47 cultured adult RPE, 48, 56 fresh and cultured adult iris pigment epithelium, 60 61 and can, by day 1 after seeding, resurface aged submacular human Bruch's membrane to a similar degree as RPE on BCE-ECM-coated tissue culture dishes, indicating that poor long-term cell survival is not related to the inability of cells to attach to Bruch's membrane. 48 Survival of RPE on aged submacular human Bruch's membrane appears to decrease with time in culture 48 and may depend on age-related changes in Bruch's membrane, as indicated by the results presented herein (Fig. 9) . RPE NDs at day 21 in organ culture demonstrated a further decline in cell survival compared to that observed in our previously published study showing a decline in RPE ND from day 1 to day 14. 48 With normal aging, human Bruch's membrane, especially in the submacular region, undergoes numerous changes (e.g., increased thickness, deposition of lipids, cross-linking of proteins, and nonenzymatic formation of advanced glycation end products). 35, 49 These changes and additional changes due to AMD could decrease the bioavailability of ECM proteins (e.g., laminin, fibronectin, collagen IV, proteoglycans, growth factors), limiting supportive cell-matrix interactions and leading to poor survival and differentiation of transplanted RPE cells in eyes with AMD. Because the changes in Bruch's membrane from aging and AMD are complex and may not be fully reversible, one approach to improve RPE transplant success is to establish a new ECM over Bruch's membrane.
The goal of these experiments was not to identify a surgical technique for RPE transplantation in humans. Our goal was to determine whether providing a provisional ECM can favorably influence RPE survival on aged and AMD submacular human Bruch's membrane. The data seem to indicate that it is possible to do so. The use of ICL (vs. basement membrane) as the recipient bed was simply a strategy to improve BCE cell attachment to and growth on aged/AMD submacular Bruch's membrane, so that BCE-ECM could be deposited in significant amounts. (BCE cell growth and ECM deposition on ICL is greater than on aged submacular human RPE basement membrane.) The approach that one might take to translate these findings into clinical practice probably would depend on identifying the essential components of BCE-ECM that mediate this beneficial effect. Once those components are identified, there are several ways in which they may be introduced into the subretinal space (e.g., via a nanoengineered scaffold decorated with the components with or without attached RPE, via a soluble mixture of essential components). Removal of native RPE basement membrane, should it be necessary, can be achieved with gentle mechanical debridement, as is done in the laboratory and as we have done in vivo previously. 62 Although the extent of ECM deposition on the BCE-treated Bruch's membrane explants is not known, the results indicate that, to some degree, BCE cells can deposit BCE-ECM on aged human submacular Bruch's membrane (Fig. 1) and that fetal RPE survival is improved as a result. Because of the inability of aged submacular Bruch's membrane to support cell survival generally, BCE-ECM deposition was highly variable and did not appear to be deposited to the same degree as is seen on tissue culture dishes. The effect of the underlying substrate on ECM deposition was demonstrated by the fact that BCE cells were able to deposit ECM on the ICL to a greater degree than on RPE basement membrane from aged eyes. Since the ECM components deposited can vary depending on the substrate to which the cells are attached, 63 different degrees of aging changes in the ICL could lead to variable ECM component deposition, which could be a confounding factor between donors and in localized areas of the same donor explant that show poor resurfacing despite SEM evidence of ECM deposition. The rel- Expression is relative to bestrophin expression in the youngest donor (66-year-old African American woman). Bestrophin and RPE65 mRNA expression from in situ RPE from an 81-year-old donor and from a 21-day fetal RPE culture are included for comparison. RPE65 expression was not detected (ND) in fetal RPE cultured on BCE-treated and untreated explants. Bestrophin levels were not significantly different in RPE derived from BCE-treated vs. untreated explants (P ϭ 0.754). AAF, African American female; CF, Caucasian female; CM, Caucasian male. ative lack of expression of differentiation markers in RPE grown on BCE-ECM-coated submacular Bruch's membrane may be due to reduced ECM deposition on aged human Bruch's membrane compared with the extent of ECM deposition that occurs when these same cells are grown on BCE-ECM-coated tissue culture dishes. Nonetheless, RPE attachment, resurfacing, morphology, and ND were all superior after ECM-coating of aged submacular human Bruch's membrane compared with uncoated fellow eyes. It is possible that if a BCE-ECM coating could be applied uniformly to aged Bruch's membrane as it is in tissue culture dishes, then RPE survival and differentiation would be better than we observed. The effect of the Bruch's membrane race and age on the ability of RPE to differentiate and express bestrophin and RPE-65 could not be determined because of the scarcity of tissue from young and African American donors.
The degree of improvement in cell survival on aged Bruch's membrane observed in this study is significantly more than has been reported previously. Adding exogenous individual ECM ligands (e.g., combinations of laminin, fibronectin, vitronectin, and collagen IV) improved initial adult RPE attachment to aged peripheral Bruch's membrane to a limited degree. 51 Treating ICL from peripheral areas with Triton to extract the abnormal deposits before coating with ECM ligands is reported to result in better RPE survival, but our interpretation of the published micrographs is that the cells tend to have abnormal morphology and limited (ϳ21%) coverage, which correlates with a very low ND. 52 The surface coverage in the Triton-treatment study was approximately one third that observed on our untreated explants at day 21 (60.6%). Although it is not clear whether cell behavior on peripheral ICL is similar to that of submacular ICL, differences other than the method of Bruch's membrane treatment also may have contributed to the higher survival in our study: the RPE seeding density for long-term studies was much higher in the present study (3164 vs. 531 cells/mm 2 ); our untreated explants were soaked for 14 days in DMEM before seeding fetal RPE; the differences in fetal RPE culture before seeding on Bruch's membrane (i.e., difference in passage number and time in culture before harvest) may be important; and the RPE cells that we used were harvested from ECM-coated dishes and seeded on ECM-coated Bruch's membrane, which renders the ECM on Bruch's membrane similar to that on which the cells were cultured before harvest.
We recognize that many different cell types may be transplanted with benefit in AMD eyes, including human embryonic stem cell-derived RPE (hES-RPE), virally transformed RPE, and non-RPE cells. 5,14,17,64 -69 However, fetal RPE cells were used for these experiments because this study required a large number of cells for organ culture assays. Primary and early passage fetal RPE cultures grow rapidly, and cultures of early passage cells (passages 1-4), used within 2 to 6 days of seeding, were seeded on explants to allow consistency in cells between experiments since higher passage cells grow slowly, and cells that have been in culture for long periods of time take longer to recover from harvest. To preserve the robustness of the cells, fresh (not frozen) cells were used to allow for attachment assessment at 1 day after seeding. Since BCE-ECM supports a variety of cell types, we suspect the improved resurfacing and survival shown here with fetal RPE would also apply to other cells that could be considered for cell transplantation (e.g., adult RPE, IPE, and hES-RPE).
Although this study illustrates an approach to improve RPE transplant survival on aged human Bruch's membrane, the technique used to provide the new ECM could not be applied in patients. We hypothesize that if a three-dimensional matrix similar to BCE-ECM can be applied to submacular Bruch's membrane surgically (rather than relying on cell synthesis in situ), then uniform resurfacing of submacular Bruch's membrane by transplanted RPE can be achieved. Currently, we believe that solubilization of BCE-ECM as an approach to coating Bruch's membrane is not feasible because harsh methods are necessary to solubilize the ECM components. The complexity of BCE-ECM composition, as indicated by the extensive list of proteins found by mass spectrometry, renders identification of the active, cell-supporting components in the ECM a daunting challenge. In addition to ECM and ECM-associated proteins, other proteins (typically localized to the cell membrane and intracellularly) were identified in the ECM protein analysis. This finding may indicate that despite the protocols used to remove BCE cells from Bruch's membrane after ECM deposition, remnants of BCE cells may persist on Bruch's membrane. The influence of these intracellular protein components on RPE cell attachment to and/or survival on aged Bruch's membrane is unknown.
Campochiaro and Hackett 70 showed more rapid RPE differentiation on ECM deposited by BCE cells after 1 week in culture than on ECM deposited by RPE cells after 1 week in culture. It is not clear from these studies whether the difference in RPE differentiation on BCE-ECM 1 week vs. RPE-ECM 1 week reflects differences in RPE versus BCE-ECM composition and/or differences in the amount of ECM deposition. (RPE-ECM deposition is slower than BCE-ECM deposition. 70 ) Mass spectroscopy analysis showed that BCE-ECM contains components that have also been identified in RPE-ECM (e.g., laminin, fibronectin, and collagens I, III, and IV). [71] [72] [73] Basic fibroblast growth factor (bFGF), which is found in both RPE-ECM and BCE-ECM, 70, 74 was not detected in BCE-ECM in our studies, possibly due to low levels. RPE can secrete proteoglycans (e.g., heparan sulfate proteoglycan, lumican, and biglycan) and ECM glycoproteins (e.g., precursors or subunits of collagens II, V, VI, XI, XII, and XV; nidogen; and vitronectin) although these components have not been identified in RPE-ECM as far as we know. 75, 76 Among collagens I and IV in RPE-ECM, collagen IV appears to be the most abundant, 77 while collagen III is the most abundant collagen in BCE-ECM, accounting for 60% or more of the total collagen content. 78, 79 Collagen III is a fibrillar collagen; fibrillar collagens can regulate cell adhesion, proliferation, and differentiation. 80 Collagen VIII, a network-forming collagen not specifically identified in RPE-ECM or secreted by RPE, forms the hexagonal lattice structures of BCE-ECM. 81 Both collagen III and VIII are found in human Descemet membrane, 82 a substrate that supports both IPE and RPE in culture. 83 BCE-ECM also contains collagen XVI, a collagen not identified in secretion profiles of RPE. Collagen XVI is a member of the FACIT collagen family (fibril-associated collagens with interrupted helices) and is thought to attach to fibrillar collagen, functioning in maintaining the integrity of the ECM. 84 Thus, the collagens in BCE-ECM that are not associated with RPE secretion and possibly are not present in RPE-ECM appear to be proteins with the potential to regulate cell behavior and may contribute to differences in RPE behavior on BCE-ECM versus RPE-ECM.
The composition analyses in this study were performed on BCE-ECM deposited on culture dishes. We do not know the composition of BCE-ECM on Bruch's membrane. Our observations show that, for a given time in culture, BCE-ECM deposition is less on aged submacular human Bruch's membrane than on tissue culture plastic. The ECM deposited on Bruch's membrane was morphologically similar to that found by Sawada et al. 85 in early BCE cells cultures (up to 10 days). Nevertheless, even with the lesser amount of ECM deposition, BCE-ECM deposition on aged/AMD submacular human Bruch's membrane is associated with significant improvement in RPE survival compared with that in untreated controls.
The results suggest that submacular ICL from Caucasian patients over 50 years of age will benefit the most from treatment of Bruch's membrane, as RPE cell survival on this surface was significantly more impaired than on African American and young ICL. Caucasians are more likely than African Americans to develop late-stage AMD, 86 -91 and, therefore, are more likely to need treatment. It is not clear whether the factors that render African Americans relatively resistant to the late complications of AMD also are responsible for the improved RPE survival on aged submacular Bruch's membrane (compared to Caucasian donors) that we observed. The high variability in the NDs of untreated and treated Caucasian donor eyes, especially when compared with that of African American and young donor eyes, may very well be a reflection of the highly variable degree of AMD changes found in this population. The sample size for African American and young donor eyes was relatively small, and it is possible that differences in attachment, spreading, and proliferation compared to Caucasian donor eyes may be due to sampling error. However, there was relatively little variability in the data from the African American and young donor cohorts. The number of African American eyes used in this study was relatively small due to the scarcity of such donor tissue meeting our acceptance criteria. Thus, the degree to which this group would benefit from ECM treatment of Bruch's membrane at the time of RPE transplantation is not clear.
In conclusion, we have shown that RPE transplant survival in human submacular Bruch's membrane organ culture can be improved significantly by coating Bruch's membrane with cell-deposited ECM and that this treatment is effective for cell transplantation onto Bruch's membrane over age 50 years. The results indicate that, if a method of coating aged/diseased Bruch's membrane with an ECM similar to that secreted by BCE cells can be devised, the success of RPE transplantation will improve.
